In exploring the mechanism of action of vasodilating drugs an attempt has been made to study the enzyme systems of the blood vessels. A transphosphatase of the myokinase type has been found to be present in the coronary arteries of the steer. The activity has been studied under the optimal conditions for this enzyme system. Coronary arterial tissue may be maintained at the temperature of dry ice for a number of days without significant loss of enzyme activity. This will permit an investigation of the effects of drugs upon the activity of these enzymes. M YOKINASE is a phosphokinase described by Colowick and Kalckar 1 as an enzyme which catalyzes the establishment of an equilibrium among the three nucleotides, adenosine triphosphate (ATP), adenosine diphosphate (ADP) and adenosine monophosphate (AMP). It has been prepared from liver, kidney and skeletal muscle. A search has been made for a transphosphatase of the myokinase type in coronary arteries. Enzyme activity of this character has been found. In addition, the optimum concentration of activating ions, the effect of temperature, and duration of incubation and enzyme concentration were determined for this enzyme system.
METHOD
The circumflex and left anterior descending coronary arteiy is removed from beef heart as promptly as possible after slaughtering. After cutting into small pieces it is frozen in a mixture of dry ice and ether. The excess ether is removed quickly. The tissue is stored in a container maintained in a chest of dry ice. The coronary arteries from several hearts are pooled and mixed in the frozen state so that representative samples may be taken for enz3'ine studies. The frozen tissue sample is weighed and a 5 per cent homogenate is prepared. A control experiment was carried out in which the tissue was frozen in liquid nitrogen. Enzymic activity of this tissue was equal to that obtained by freezing in a mixture of dry ice and ether. Received for publication June 23, 1954.
Tissue Enzyme Suspension. A sufficient amount of cold redistilled water is added to make a final volume equivalent to a 5 per cent suspension. The tissue is homogenized in a Virtis homogenizer at approximately 27,000 r.p.m., using a stainless steel blade and employing an outside cooling cup containing ice water. A two-minute homogenization time is used. The contents of the flask are transferred to a 50 ml. centrifuge tube and centrifuged for three minutes at 1200 r.p.m. at 0 C. Three layers are formed: a top layer consisting of a network of fibrous threads (part A), a turbid suspension (part B) and a bottom layer of larger tissue particles (part C). Layer A is removed as an adhering mass; the turbid suspension B is transferred by aspiration to a tube immersed in ice water for use as an enzyme suspension. One milliliter aliquots of this suspension are transferred by means of a pipet to each incubation tube containing the mixture of the other reactants. Incubation tubes (15 ml. centrifuge tubes immersed in ice water) are prepared containing I ml. of this homogenate, 0.5 ml. of 0.0.1 M magnesium chloride, 1 ml. of adenosine diphosphate solution (5 mg., Sigma Chemical Co.), and 0.5 ml. phosphate buffer, pH 7.0, and the mixture is incubated at 38 C. for 30 minutes. Control tubes containing these reagents and tissue receive immediately, without incubation, 1.5 ml. of 1.5 1ST perchloric acid (HC10 4 ). The tubes are centrifuged at 3000 r.p.m. at 0 C. (to remove protein) for five minutes. The supernatant liquid of each tube is removed as completely as possible to another tube immersed in ice water. One and one-half milliliters of 1.5 N potassium hydroxide is added to each tube, and the tubes are allowed to stand over night at 8 C. After incubation the incubated tubes receive thesame treatment.
All tubes are then centrifuged for 10 minutes at 3000 r.p.m. at 0 C. The supernatant fluid of each tube, which is approximately 6 ml., is transferred to another similar tube. Aliquots of exactly 5 ml. are taken for analysis. These are placed in a 10 ml. graduate and 5 ml. of 2 M ammonium hydroxide is added and the contents of each graduate mixed by inversion. The solution is passed slowly (not 516 Circulation Research, Vol. 11, November 195^ over 3 ml. per minute) through a Dowex 1 resin column, and this is followed by a 10 ml. distilled water wash. Each solution is collected separately as it comes from the resin, and the total volume is set aside. The nucleotides are removed from the resin serially, employing 100 ml. quantities of the following solutions in the order indicated at a rate of 3 ml. per minute: 0.01 M ammonium chloride, 0.003 M hydrochloric acid, 0.02 M sodium chloride and 0.01 M hydrochloric acid, 0.2 M sodium chloride and 0.01 M hydrochloric acid, as described by Cohn and Carter. 5 The absorbancy of each eluate is measured with a Beekman spectrophotometer at 258 m/* with a slit width of approximately 0.75 mm. The absorbancy values are converted to micromoles of the respective nuc-leotide, using the molecular extinctions of 13,800 for adenosine monophosphate, 14,900 for adenosine diphosphate, and 14,400 for adenosine triphosphate, which were determined experimentally.
The Source of the Enzyme. Samples of arterial tissue cleaned of adhering connective tissue were prepared for a microscopic histologic examination by sectioning and staining in hematoxylin and eosin. From these studies it appeared that histologically normal arterial tissue was used in these experiments. Approximately 75 per cent of the arterial sheet is tunica media. Most of the tunica adventitia was removed during excision and cleaning. The quantity of smooth muscle in the tunica media was determined after staining with an orcein stain. There appeared to be very little smooth muscle tissue in the preparation. The latter observation was substantiated by low respiratory Qo 2 values of approximately 0.3. The part A of the centrifuged homogenate was found to contain only partly disintegrated cell groups with their cytoplasm and nuclei intact. Part C was of similar composition but the particles were larger. Part B, which was slightly turbid, contained water-soluble proteins and the active enzyme.
RESULTS
Myokinase activity results in a dephosphorylation of adenosine diphosphate to adenosine monophosphate and a synthesis of adenosine triphosphate. This relationship has been expressed in terms of an equilibrium constant by Kalckar 2 and Eggleston and Hems. 3 We assume that the enzymic activity of our experiments is the resultant of two principal systems:
2 ADP ±^ AMP + ATP ATP ±=; ADP + PO 4
Since these two systems have in common, either as reactants or products of enzymic action, two of the ribonucleotides, we believe there must be some inter-relation between them. We have derived a factor which is a function of the combined enzymic reaction resulting from these two systems.
AMP ADP = A (activity coefficient)
Experiments under investigation at the present time to purify various enzj'me systems of coronary arteries may provide higher specific activities. It is of interest to note that an analysis of the effluent for adenosine and adenine was negative in all experiments. Furthermore the reactions were not influenced by deamination of adenosine monophosphate. To establish this the experiment was conducted with adenosine monophosphate substrate. Xo diminution of the adenosine monophosphate took place.
Effect of Magnesium Ion Concentration on Enzyme Activity. Siekevitz and Potter 4 found both magnesium-ion and calcium-ion activa- tion of adenylate kinase from rat liver mitochondria. Therefore comparable experiments with magnesium chloride were carried out. The concentration of the magnesium ion in the final incubation mixture ranged from 0.83 X 10~3 to 3.33 X 10~3 M. The results are shown in figure 1 . The optimum concentration of magnesium ion was 1.65 X 10~3 M. Therefore this concentration was employed in subsequent experiments.
Similar experiments with calcium ions could not be employed in the presence of our phosphate buffer.
Effect of Hydrogen Ion Concentration on
Enzyme Activity. Preliminary experiments indicated that the enzyme system was not extremely sensitive to changes in pH. Therefore a phosphate buffer at pH 7 was employed in all experiments. The final concentration of this buffer was 0.006 M in the incubation mixture.
Effect of Temperature on Enzyme Activity.
Experiments with the enzyme homogenate in- dicated that even at temperatures approaching 90 C. the enzyme was not completely inactivated. The effect of incubation of the mixture at lower temperatures is set forth in figure 2 . Most experiments were conducted at 38 C.
Effect of Time of Incubation on Enzyme Ac-
tivity. The effect of duration of incubation upon enzyme activity is illustrated in figure 3 . A 30-minute period was selected as satisfactory and used in all subsequent experiments. Tissue Concentration-Activity Relation. In these experiments we have employed a tissue concentration equivalent to 50 mg. of arterial tissue before centrifugation. The influence of varied amounts of tissue enzyme upon activity is expressed in figure 4 . An inspection of these results reveals that the enzyme concentration is related to the quantity of tissue homogcnate employed.
After the optimum conditions of the enzyme reaction had been established, a series of determinations was made on two pooled samples of coronary arteries from four hearts each. These tissues were maintained at, the temperature of solid carbon dioxide for periods of one month. The enzyme activity compared with an analysis of unincubated control enzyme sys-tems containing all the reactants is set forth in table 1.
SUMMARY
A phosphokinase activity has been demonstrated in beef coronary arteries. A method of estimating this enzyme activity has been described. Its characteristics reveal it to be similar to the myokinase previously described for rat liver and skeletal muscle.
